Fas-FasL costimulation modulates the production of proinflammatory cytokines, and MRL/lpr mice, which lack a functional Fas molecule, produce more proinflammatory cytokines. This study found that Fas-FasL interactions are involved in host defense against lethal infection with Candida albicans. Macrophages of MRL/lpr mice produced significantly more tumor necrosis factor and interleukin-1 after stimulation with C. albicans than did control MRL+/+ macrophages. Mortality of Fas-deficient mice with disseminated candidiasis was significantly lower than control animals' because of decreased fungal load and inhibition of the formation of invasive hyphae in their organs. Increased recruitment of neutrophils at the infection site appeared to be responsible for these effects. In contrast, phagocytosis and killing of C. albicans by neutrophils of MRL/lpr and MRL+/+ mice was similar. Absence of FasFasL interactions leads to increased cytokine production after C. albicans stimulation, protecting mice against disseminated candidiasis.
actions on host defense during infections is strengthened by recent studies demonstrating defective immunity of the Fasdefective MRL/lpr mice against Leishmania major [7, 8] and Listeria monocytogenes [9] infections.
Acute disseminated candidiasis is a life-threatening disease that occurs predominantly in immunocompromised persons and that, despite the development of new antifungal drugs, is still associated with a high mortality rate [10] . Proinflammatory cytokines such as IL-1 and TNF have important roles in the host defense against disseminated candidiasis [11] . Treatment of mice with recombinant IL-1 protects against Candida albicans infection [12] , whereas neutralization of endogenous TNF with either anti-TNF antibodies or pharmacologic agents has deleterious effects on the course of experimental disseminated candidiasis [13, 14] . The crucial role of TNF-like molecules during C. albicans infection has been shown by experiments in mice lacking either TNF or TNF receptors; these mice were highly susceptible to disseminated candidiasis [15] [16] [17] .
In the present study, we hypothesized that Fas-FasL interactions modulate the defense against disseminated candidiasis through their regulatory effects on the production of IL-1 and TNF. This prompted us to study the course of systemic C. albicans infection in the Fas-defective MRL/lpr mice. We investigated cytokine production by macrophages from MRL/lpr mice in response to various stimuli and assessed the outcome of disseminated candidiasis in MRL/lpr and MRLϩ/ϩ mice. autoimmune disease at age 8-10 weeks [4] , we used 4-to 6-weekold mice. Mice were fed sterilized laboratory chow (Hope Farms, Woerden, The Netherlands) and water ad libitum.
Cytokine production of MRL/lpr and MRLϩ/ϩ mice. Resident peritoneal macrophages were harvested after intraperitoneal (ip) injection of 4 mL of sterile saline containing 0.38% sodium citrate, and total cells were counted in a hemocytometer [18] . After centrifugation (500 g, 10 min) and 3 washes in sterile PBS, the cells were resuspended in RPMI 1640 medium (Flow Laboratories, Irvine, UK) containing 1 mM pyruvate, 2 mM L-glutamine, and 100 mg/mL of gentamicin (culture medium). Cells were cultured in 96-well microtiter plates (Costar, Cambridge, MA) at 10 5 cells/well in a final volume of 200 mL. The cells were stimulated with either 1 mg/mL lipopolysaccharide (LPS) (Escherichia coli serotype O55 : B5; Sigma, St. Louis), heat-killed (1 h, 100ЊC) C. albicans (strain UC820), or Staphylococcus aureus (ATCC 25923) at 10 7 cfu/mL. After 24 h of incubation at 37ЊC, the plates were centrifuged (500 g, 10 min), and the supernatant was collected and stored at Ϫ80ЊC until cytokine assays were done. Viability of cells after 24 h of culture was 195% in all experiments, as tested by trypan-blue exclusion (not shown).
C. albicans infection model. C. albicans UC 820, a well-described clinical isolate [19] , was used in all experiments. Mice were injected intravenously (iv) with C. albicans ( cfu/mouse) in 5 5 ϫ 10 100 mL of pyrogen-free saline. Survival was assessed daily for 30 days in groups with у10 animals. At the end of the observation period, the surviving mice were anesthetized with ether and killed by cervical dislocation. In addition, subgroups of 5 animals were killed on days 1, 3, or 8 of infection, and blood was collected on EDTA for plasma cytokine concentration measurements. To assess the outgrowth of the microorganisms, the liver, spleen, and right kidney of the killed animals were removed aseptically, weighed, and homogenized in sterile saline in a tissue grinder. The number of viable Candida cells in the tissues was determined by plating serial dilutions on Sabouraud glucose agar plates as described elsewhere [20] . The colony-forming units (cfu) were counted after 24 h of incubation at 37ЊC and expressed as log cfu/g tissue. From the same animals, the left kidney was fixed in formalin (4%) and embedded in paraffin, and serial sections were examined microscopically after staining with periodic acid-Schiff and counterstaining with hematoxylin-eosin.
Cyclophosphamide treatment. To investigate the role of polymorphonuclear neutrophils (PMNL) in Fas-deficient mice with Candida infection, groups of deficient and normal mice were rendered neutropenic by pretreatment with cyclophosphamide (Bristol-Myers Squibb, Weesp, The Netherlands): 150 mg/kg was administered subcutaneously 4 days before infection, followed by 100 mg/kg 1 day before infection and on days 1, 3, and 5 after iv injection of 10 4 C. albicans cfu [21] . The course of the circulating PMNL was monitored in repeated blood samples by Coulter counter and microscopic differentiation. Survival during disseminated candidiasis in neutropenic mice and the outgrowth of Candida cfu in mouse organs were investigated as described above.
Recruitment of neutrophils. To investigate the recruitment of PMNL at the site of Candida infection, groups of 5 MRL/lpr mice and wild-type MRLϩ/ϩ mice were injected ip with 10 7 cfu of C. albicans. After 4 h, peritoneal cells were collected by ip injection of 4 mL of sterile saline containing 0.38% sodium citrate, and total cells were counted in a hemocytometer. The percentage and the absolute numbers of neutrophils were determined in Giemsastained cytocentrifuge preparations.
Phagocytosis and killing of C. albicans blastospores by neutrophils. Exudate peritoneal PMNL were obtained as described elsewhere [22] . In brief, groups of 5 MRL/lpr and MRLϩ/ϩ mice were injected ip with 10% proteose peptone, and after 4 h the exudate cells were harvested as described above. Peritoneal cells were washed 3 times in sterile PBS, then counted and resuspended in culture medium. The number of cells was adjusted to 5 5 ϫ 10 PMNL/mL, and 1 mL of the cell suspension was used for the phagocytosis and killing experiments. Four hours after injection of proteose peptone, the peritoneal cell population of mice consisted of 86%-95% PMNL and 5%-14% macrophages. Subsequently, we added cfu of C. albicans (in 1-mL volume) to 4 5 ϫ 10 the cell suspension (PMNL : Candida ratio, 10 : 1). The suspension of cells with Candida yeasts (total volume 2 mL) was incubated at 37ЊC in 10-mL silicone-coated tubes (Sherwood Medical, Ballymoney, Northern Ireland) under continuous slow rotation [22] .
To assess phagocytosis, a 100-mL sample was taken from each tube after 5 or 15 min of incubation and centrifuged (500 g, 10 min). The supernatant containing the uningested microorganisms was discarded. Cells were washed twice in PBS, and lysis of the PMNL was done in water containing 0.01% bovine serum albumin (Sigma). Serial dilutions of the suspension containing the intracellular yeasts were plated on Sabouraud agar plates, and the C. albicans cfu were counted after 24 h of incubation at 37ЊC [22] . Phagocytosis is given as total Candida cfu incorporated by PMNL. 5 5 ϫ 10 Killing of C. albicans blastospores by PMNL was assessed in the same cell suspension [22] . After the initial 15-min phagocytosis period, the tubes were gently centrifuged as described above, and the uningested extracellular Candida cells were discarded. The cells containing the phagocytized C. albicans blastospores were resuspended in RPMI 1640 in silicone-coated tubes. Before incubation and after 1 and 3 h of incubation at 37ЊC under rotation, a 100-mL sample from each tube was taken, cells were lysed, and C. albicans cfu were enumerated after 24 h of culture on Sabouraud agar plates. Microscopic examination and repeated washes showed that no C. albicans blastospores were clumped or remained attached to the tubes. The number of C. albicans colonies after each incubation period represented the amount of yeasts not killed by the cells. Candida percentage of survival was defined as follows: [cfu after incubation / cfu recovered at start of incubation] ϫ 100 [22] .
Cytokine assays. IL-1a, IL-1b, and TNF-a were determined by specific RIAs (detection limit, 20 pg/mL), as described elsewhere [18] .
Statistical analysis. The differences between groups were analyzed by Mann-Whitney U test. Survival curves were analyzed by the Kaplan-Meyer log-rank test. For all comparisons, the level of significance between groups was set at . All experiments were P ! .05 performed at least twice.
Results

Cytokine production by MRL/lpr and MRLϩ/ϩ macrophages.
The production of proinflammatory cytokines by C. albicans infection model. After iv infection of mice with C. albicans cfu, all MRLϩ/ϩ mice died, but only 50% 5 5 ϫ 10 of the MRL/lpr mice died of infection ( ; figure 2). This P ! .01 appeared to be due to the decreased outgrowth of C. albicans in the organs of MRL/lpr mice, since the cfus in the kidneys (the main target organ of disseminated candidiasis in mice) of MRL/lpr mice on postinfection days 3 and 8 were significantly lower than in MRLϩ/ϩ mice (figure 3). On day 8, there was also decreased yeast outgrowth in the livers of MRL/lpr mice; however, the differences in the outgrowth of Candida in the spleens of the 2 mouse strains were not significant (table 1) . Histopathology of the kidneys on day 1 of infection showed similar development of microabscesses in the kidney parenchyma of both mouse strains (not shown). On day 3 of infection, there was significant outgrowth of Candida in the kidneys of both mouse strains, but the yeast developed fewer hyphae and pseudohyphae in MRL/lpr mice. Moreover, there was significantly more neutrophil infiltration at the site of infection in the MRL/lpr mice ( figure 4A, 4B ). On day 8 of infection, although most of the yeasts had been cleared from the kidney parenchyma, marked outgrowth of Candida was apparent in the renal pelvis. In the renal pelvis of MRLϩ/ϩ mice, there was extensive growth of C. albicans with numerous hyphae and pseudohyphae. In contrast, in the renal pelvis of the MRL/lpr mice, the absence of invasive hyphae and pseudohyphae was even more striking than the lower amounts of Candida blastospores ( figure 4C-4F) .
Circulating Table 1 . Candida albicans outgrowth in livers and spleens after intravenous injection of cfu C. albicans into mice. ). On day 8, TNF plasma P 1 .05 concentrations had returned to undetectable levels. Circulating IL-1a and IL-1b were below the detection limit at all time points.
Role of PMNL during disseminated candidiasis. PMNL are the most important cells for defense against C. albicans, and neutropenic mice are more susceptible to disseminated candidiasis [23] . To investigate the role of PMNL in the protection of MRL/lpr mice, groups of neutropenic ( PMNL/ 9 ! 0.01 ϫ 10 L) MRL/lpr and MRLϩ/ϩ mice were infected with 10 4 cfu of C. albicans. There were no differences in the outgrowth of Candida organisms in the kidneys of neutropenic Fas-deficient or control mice on day 3 ( vs. log cfu/g kidney, 4.9 ‫ע‬ 0.3 5.2 ‫ע‬ 0.3 ) and on day 8 ( vs. log cfu/g kidney, P 1 .05 5.0 ‫ע‬ 0.5 4.9 ‫ע‬ 0.4 ) of infection. Similar results were obtained for the out-P 1 .05 growth of the yeasts in the liver and spleen of neutropenic mice (not shown).
Recruitment of PMNL. To investigate the recruitment of PMNL at the site of a C. albicans infection, groups of MRL/ lpr and MRLϩ/ϩ mice were injected ip with 10 7 cfu of C. albicans, and exudate peritoneal neutrophils were harvested and counted 4 h later. The recruitment of PMNL at the site of infection in MRL/lpr mice was 3-fold higher than in control MRLϩ/ϩ mice (figure 5).
Phagocytosis and killing of C. albicans. Phagocytosis of C. albicans by PMNL of MRLϩ/ϩ and MRL/lpr mice was similar (figure 6A). Even though macrophages of MRL/lpr mice showed increased production of TNF, IL-1a, and IL-1b, which has been shown to enhance the candidacidal properties of PMNL [24] , neutrophils of MRL/lpr and MRLϩ/ϩ mice were equally potent to kill Candida blastospores intracellularly (figure 6B) .
Discussion
The results of the present study demonstrate that Fas-FasL interactions have an important regulatory effect on the host defense against infection. We showed that mice deficient in functional Fas-FasL interactions are more resistant to lethal systemic infection with C. albicans, and their resistance is accompanied by increased cytokine production. The increased resistance of Fas-deficient MRL/lpr mice to disseminated candidiasis is in sharp contrast with the course of other infections in these animals. MRL/lpr mice show an increased susceptibility to the infection with L. major, despite increased production of IL-12 and IFN-g [7, 8] . Although some authors did not find differences in host defense against L. monocytogenes between MRL/lpr mice and control animals [25] , others have described a tendency toward increased susceptibility of MRL/lpr mice to listeriosis [9] . The differences between our study and these other reports are probably due to the different defense mechanisms used by the organism to clear the various types of infection. Whereas L. major and L. monocytogenes are intracellular pathogens for which T cell-mediated immune responses are of primary importance [26] , the defense to C. albicans is mainly a nonspecific response mediated by proinflammatory cytokines such as TNF and IL-1, with PMNL being the main effector cells [11, 17, 20, 22] .
The lower mortality resulting from disseminated candidiasis in MRL/lpr mice, which lack a functional Fas, is due to a decreased fungal outgrowth in the organs, and inhibition of the development of invasive candidal forms such as hyphae and pseudohyphae. Several mechanisms may be responsible for the increased resistance of MRL/lpr mice to disseminated candidiasis. First, this striking difference with the control mice is probably at least in part due to the increased proinflammatory cytokine production by the Fas-deficient mice, as these cytokines are instrumental in inducing an increased recruitment of neutrophils at the site of Candida infection [17] . Macrophages isolated from MRL/lpr mice exposed to Candida produce 2-to 3-fold more TNF-a, IL-1a, and IL-1b than control macrophages. This enhanced induction of cytokines is specific for stimulation with C. albicans, since normal cytokine production was found upon stimulation with E. coli LPS or S. aureus. The increased cytokine production by Fas-deficient macrophages is probably also present in tissues at the site of infection as was also suggested by the study of Lemay et al. [5] , which showed enhanced expression of IL-1a, TNF-a, and IFN-g genes in the kidneys, liver, spleen, and lymphoid organs of Fas-deficient animals compared with controls. The circulating concentrations of proinflammatory cytokines are low during systemic candidiasis [14] , as was also found in the present study, and this explains the lack of deleterious effects of circulating TNF and IL-1, such as those encountered in gram-negative sepsis. It is well known that proinflammatory cytokines play a beneficial role in the host defense against C. albicans infection [12, 22, 27] , and it is reasonable to assume that the protection of Fasdeficient mice is achieved through the increased proinflammatory cytokine production.
The beneficial effects of increased endogenous cytokine production are probably at least in part mediated through potentiation of the recruitment of PMNL at the site of infection [17] , which enhances the clearance of the yeasts [28] . In the present study, such an effect on PMNL recruitment was found in Fasdeficient MRL/lpr mice. In addition, activation of neutrophils by proinflammatory cytokines leads to inhibition of hyphal formation [28] and increased intracellular killing of the Candida blastospores [24] . Indeed, Candida hyphal formation was strongly reduced in the Fas-deficient animals. Because Candida mutants, which are unable to form hyphae are avirulent [29] , this may represent an important protective mechanism in the Fas-deficient animals. The crucial role played by the neutrophils in the increased resistance of MRL/lpr mice to disseminated candidiasis is underscored by the experiments in neutropenic MRL/lpr mice, which are as susceptible to C. albicans infection as are neutropenic MRLϩ/ϩ controls. These results are in line with our previous findings in TNF/lymphotoxin-deficient mice, which were more susceptible to candidiasis through neutrophildependent mechanisms [17] . Although these data suggest an effect of Fas through modulation of neutrophil function, it should be noted that neutrophils are a major source of IL-12 [30] , and it cannot be excluded that the findings in neutropenic mice are also due to modulation of this pathway. No difference was seen between MRL/lpr and MRLϩ/ϩ mice regarding phagocytosis and killing of Candida; others have reported similar findings for the killing of L. major by cells of Fas-deficient mice [8] .
A second possible mechanism to explain the increased recruitment of neutrophils at the infection site in the MRL/lpr mice involves the absence of Fas-FasL interactions at the level of the endothelial cells. It was recently shown that FasL is constitutively expressed on endothelial cells and may actively inhibit leukocyte extravasation [31] . In addition, TNF promotes leukocyte recruitment through down-regulation of FasL ex-pression on endothelial cells [31] . Thus, the absence of FasFasL interactions in MRL/lpr mice may result in an increased cytokine-induced leukocyte infiltration at the infection site. In addition, as the main function of Fas reportedly is to mediate apoptosis [2] , an influence of decreased apoptosis of inflammatory cells on the course of infection cannot be excluded [32] .
The increased cytokine production by macrophages of Fasdeficient mice after stimulation with C. albicans, but not LPS or S. aureus, is difficult to explain. The normal production of cytokines after LPS or S. aureus stimulation is an argument against a nonspecific effect of decreased apoptosis of Fas-deficient cells in the in vitro cultures. Moreover, the viability of normal macrophages was 195% in all experiments. The results of enhanced cytokine synthesis in MRL/lpr mice are in line with those showing increased expression of IL-1b and TNF-a genes in the lymphoid organs of MRL/lpr mice [5] and with the increased production of IL-12 and IFN-g by cells of MRL/ lpr mice stimulated with L. major [8] . However, this increase in Th1-derived cytokines did not protect the Fas-deficient mice against murine leishmaniasis in contrast to the protection against disseminated candidiasis observed in the present study. Our finding that Fas-deficient mice produce normal amounts of cytokines in response to LPS or S. aureus stimulation is in accordance with the study of Heumann et al. [33] , who demonstrated a normal course of lethal endotoxemia and E. coli peritonitis in gld mice lacking a functional FasL. This is an argument for normal cytokine patterns in gld mice after stimulation with gram-negative bacterial stimulants. Similarly, only aged, but not young MRL/lpr mice, produce more TNF in response to staphylococcal enterotoxin B [34] . These reports showing either increased or normal cytokine production in mice lacking Fas-FasL interactions in response to stimulation with a wide variety of stimuli are somewhat surprising in view of the data showing that Fas-mediated signals may stimulate production of TNF, IL-2, and IFN-g [35] . This observation suggests defective cytokine production in the absence of Fas-FasL interactions. The intimate cellular mechanisms responsible for the increased cytokine production by cells of Fas-deficient mice remain to be further investigated.
In conclusion, Fas-deficient MRL/lpr mice have an increased resistance to disseminated infection with C. albicans. This observation demonstrates the important regulatory role of FasFasL interactions during disseminated candidiasis, which is probably mediated through modulation of proinflammatory cytokine production.
